Gluten-free bread crusts are known for their crumbly texture, light colour, poor nutritional quality and weak aroma. The objective of this research was to improve crust quality of glutenfree breads by the addition of rice, pea, egg white and whey proteins to the bread formulation in two levels (5% and 10%). Moisture, water activity, thickness, microstructure, texture, colour and volatile compounds were measured. A 99% negative significant correlation between spatial frequency of structural ruptures and crust moisture content was found. Results from texture analysis indicated that animal and 10% pea protein crusts were less crispy than control.
Introduction
The market for gluten-free products has been expanding in recent years. Bread is the most complex gluten-free product due to the importance of wheat gluten proteins in the bread matrix, which form a network necessary to retain the carbon dioxide during bread fermentation and facilitate expansion. Due to this, gluten-free bread presents a lack of quality in comparison to wheat bread. Arendt et al. (2008) suggested the use of a range of gluten-free flours rather than just one to achieve gluten-free breads with good sensory and textural properties. Moreover, they reported that the addition of a certain percentage of starch improved the overall quality of the gluten-free bread. Thus, mixtures of gluten-free flours and starches have been commonly used, usually maize starch and rice flours (Masure, Fierens & Delcour, 2016) . However, these flours and starches present low protein content, which leads to breads with lower protein but higher carbohydrates content than wheat breads (Segura & Rosell, 2011) . As a consequence, breads with poor nutritional quality, weak aroma and light crust are obtained, since proteins are necessary for Maillard reactions, which are responsible for crust colour (Purlis & Salvadori, 2009 ) and generation of volatile compounds (Pico, Bernal & Gómez, 2015) . Therefore, to improve nutritional and organoleptic qualities of gluten-free bread the incorporation of proteins has been proposed (Gallagher, Gormley, & Arendt, 2003; Marco & Rosell, 2008; Mezaize, Chevallier, Le Bail, & De Lamballerie, 2009; Krupa-Kozak, Baczek, & Rosell, 2013; Ziobro, Witczak, Juszczak & Korus, 2013; Aguilar, Albanell, Miñarro, & Capellas, 2015) . The majority of these studies have carried out the evaluation of bread volume or crumb texture, but few have evaluated crust colour (Gallagher et al., 2003; Krupa-Kozak, et al., 2013) and none of them the volatile profile. Moreover, there are no studies evaluating crust texture of gluten-free breads supplemented with proteins of different origins. Regarding crust colour, in most cases the presence of protein increased the darkness of the crust, and the type of protein contributed to this effect. Gallagher et al. (2003) were the only that analysed crust texture of breads enriched with proteins, concretely of dairy origin, and they observed a decrease in crust texture hardness.
Finally, concerning the aroma of wheat bread crust, it has been characterised by volatile compounds from Maillard reactions, caramelisation and thermal degradation (Poinot et al., 2008; Zehentbauer & Grosch, 1998) , with 2-acetyl-1-pyrroline (2-ACPY) constituting the key aroma of wheat flour bread crust (Zehentbauer & Grosch, 1998) . There can be also volatile compounds from lipid oxidation, although in smaller proportions (Moskowitz, Bin, Elias, & Peterson, 2012) , such as 2(E)-nonenal and 2,4-(E,E)-decadienal (Zehentbauer & Grosch, 1998) .
However, there is little knowledge regarding the aroma of gluten-free bread crusts (Pico, Antolín, Román, Gómez & Bernal, 2018) . To our knowledge, only Pacyński, Wojtasiak, and Mildner-Szkudlarz (2015) studied the addition of amino acid -sugar pairs with the aim of promoting the generation of Maillard compounds and improving the aroma of gluten-free breads crust. However, we reason that the impact of the addition of amino acids should not been the same as that of the whole protein. This is the first time that the effect of animal and vegetal protein inclusion on the aroma of gluten-free bread crust has been studied.
The main aim of the present research was to evaluate, for the first time, the changes in the colour, physical parameters as well as the impact on the corresponding volatile profiles of gluten-free bread crusts due to the incorporation of proteins of different origins at different levels. For that purpose, two vegetal proteins (pea and rice) and two animal proteins (egg white and whey) were chosen and two percentages of substitution were proposed (5 and 10%).
Moisture, water activity, thickness, microstructure, texture, colour and volatile compounds of crust gluten-free breads were evaluated. For the volatile profiles characterisation, 2-acetyl-1-pyrroline (2-ACPY) was purchased from Eptes (Vevey, Switzerland) and the other pure standards labelled from 1 to 17 and from 19 to 44 in Table 1 were obtained from Sigma-Aldrich (Steinheim, Germany). Dichloromethane was obtained from Scharlab (Barcelona, Spain) and methanol from VWR International (Fontenaysous-Bois, France). Argon, nitrogen and helium were acquired from Carburos Metálicos (Barcelona, Spain).
Materials and methods

Materials, standards and solvents
Methods
Preparation of standard solutions
2-ACPY solutions were prepared in dichloromethane, as 2-ACPY is only stable in dichloromethane and ethyl acetate. It was necessary to work under inert atmosphere of argon at all times due to the lack of stability of the compound to oxygen and moisture. For this reason, dichloromethane was dried in a SDS PS-MD-5 purification system from Düperthal Sicherheitstechnik (Karlstein am Main, Germany).
For the other 43 volatile compounds marked from 1 to 17 and from 19 to 44 in Table 1, working solutions of each volatile compound were prepared in methanol. All the solutions were stored in a freezer at -21°C.
Bread formulation and bread making process
Both the recipe and the bread making process have been based on a previous study of the research group for optimization of gluten free bread quality (Mancebo, Merino, Martínez, & Gómez, 2015) . A mixture of rice flour and maize starch (50%-50%) was used as the control sample. In protein-enriched bread formulations, the flour-starch mixture was replaced by 5% and 10% of protein. The follow samples were obtained: R5, R10 (5% and 10% rice protein substitution), P5, P10 (5% and 10% pea protein substitution), E5, E10 (5% and 10% egg protein substitution) and W5, W10 (5% and 10% whey substitution).
The other ingredients used in dough preparation were (expressed as g/100 g of flour-starch mixture): salt (1.8 g/100 g), sunflower oil (6 g/100 g), sugar (5 g/100 g), instant yeast (3 g/100 g), HPMC (2 g/100 g) and water at 20-22ºC (90 g/100 g). Firstly, the yeast was rehydrated in water. Then, dry ingredients were mixed using a Kitchen-Aid Heavy Duty mixer (KitchenAid, St. Joseph, Michigan, USA) with a dough hook (K45DH) at speed 1 for 1 minute. Later, the water with the yeast was added and mixed for 8 min at speed 2. 150 g of the dough were put into aluminum pans of 159 x 119 x 35 mm. Fermentation of the dough took place at 30ºC at 60 min and a 90% relative humidity in an FC-K proofer (Salva, Lezo, Spain). After proofing, the breads were baked in the central part of an electric modular oven (Salva ST02/E20) for 40 min at 190 ºC. During baking steam was not applied. After baking, breads were unmolded, cooled for 60 min at room temperature and packed into polyethylene sealed bags to prevent dehydration. The water activity, moisture content, crust thickness, specific volume, texture and colour of the breads (sub-sections 2.2.3, 2.2.5, and 2.2.6) were analyzed the day of elaboration. Breads for microstructure evaluation (sub-section 2.2.4) were frozen at -18ºC until their observation. In the case of the breads used for volatile compounds analyses (sub-section 2.2.7), each bread was wrapped in heavy duty aluminum foil and placed in plastic bags in order to prevent migration of volatile compounds from the plastic material to the bread. Breads were frozen at -18°C until their analysis during the same week as preparation. Each bread was prepared in duplicate.
Water activity, moisture content, crust thickness and specific volume
Crust and crumb were separated using a knife based on white versus brown colour. The measurement of water activity (aw) of crust samples was carried out with a precision multifunction measuring instrument Testo 650 (Testo SE & Co, Lenzkirch, Germany). Crust moisture content of the breads was determined following the method 44-15.02 (AACC 2012). Thickness of crust was evaluated using a digital calliper. The mean thickness was calculated from measurements taken at 6 different locations on the crust sample from each bread. Bread volume was measured by a Volscan Profiler 300 volume analyser (Stable Mycrosystems, Surrey, UK) and expressed as specific volume. The bread specific volume was calculated as the ratio between the volume of the bread and its weight. All measurements were performed in two breads for each elaboration.
Microstructural analysis of bread crust
Surface and cross-section photomicrographs of bread crusts were taken with a Quanta 200FEI (Hillsboro, Oregon, USA) environmental scanning electron microscope (ESEM).
Photomicrographs were taken in beam deceleration mode (BDM) at 1.5 keV in high vacuum mode with a backscattered electron detector (BSED). Bread samples were unfrozen 1 hour before evaluation and crust was separated from crumb using a cutter.
Crust texture
Texture of the crust was measured with a TA-XT2 texture analyser with a 5-kg load (Stable Microsystems, Surrey, UK) fitted with the "Texture Expert" software. Fresh breads after 2 hours of cooling were puncture tested at a deformation speed of 0.5mm/s using a 2 mm diameter cylindrical probe (punching area = 3 mm 2 ) and a distance of penetration fixed at 4 mm. Five puncture tests were carried out at different locations in each bread: at the midpoint of the crust area and 2 cm from that point at 12, 3, 6, and 9 o'clock. Three different breads were evaluated on each elaboration.
From force-deformation curves obtained, the following parameters were calculated using the method proposed by Van Hecke, Allaf, & Bouvier (1998) Where N o : is the total number of peaks, d is the distance of penetration (mm), ΔF is the individual force drops for each peak (N) and A is the area under the force-deformation curve.
Colour of bread crust
Bread crust colour was determined using a Minolta CN-508i spectrophotometer (Minolta, Co., Ltd. Tokyo, Japan) with the D65 standard illuminant and the 2° standard observer. Results were expressed in the CIE L*a*b* colour space. Colour measurements were made in 4 points on the surface of the breads. Two breads of each elaboration were evaluated.
Volatile compounds analysis by SPME-GC/QTOF
After thawing, each loaf of bread was cut into slices of 5 cm width, including the ends. The crust was scratched with a knife, taking care not to remove pieces of crumb. Then the crust was frozen with liquid nitrogen and ground in an Ika grinder model M20 (Staufen, Germany) for 10 seconds.
The SPME conditions were previously optimised and validated by the research group for the analysis of volatile compounds in bread crust (Pico et al., 2018) . 0.75 g (± 0.0050 g) of each bread crust powder was weighed into a 20 mL vial. The selected fibre was 50/30 µm DVB/CAR/PDMS (Sigma Aldrich, Gillingham, UK). The sample was incubated for 5 min at 60°C (without the fibre) and then extracted for 51 min at 60°C, without agitation. After that, the fibre was inserted into the GC injector port for thermal desorption for 5 min at 270°C, with an injection volume of 1 µL. Finally, the fibre was conditioned for 30 min at 270°C after each analysis. Each sample was analysed in triplicate.
GC/QTOF analysis conditions were the same as used in Pico et al. (2018) . All the volatile compounds labeled from 1 to 44 in Table 1 were identified by comparison of their retention times and accurate mass spectra (with four decimal places) with standards as well as using their
Kovats Index (KI) and their Mass Spectra Library (NIST MS Search 2.2 & MS Interpreter).
Those labeled from 45 to 61 were identified using their KI and their Mass Spectra Library.
Statistical analysis
Differences between the different parameters evaluated for the samples were examined by analysis of variance (ANOVA). Fisher's least significant difference (LSD) was used to describe means with 95% confidence intervals. The statistical analysis was performed with the Statgraphics Centurion XVII (StatPoint Technologies Inc, Warrenton, USA). Correlations were obtained using the same program. For assessing the variation of the volatile profiles from the Maillard reaction (compounds indicated in Table 1 with the superscript "M"), a PCA was conducted using the average peak area for each bread crust sample prepared in duplicate and analysed in triplicate (n=6). The PCA was performed with the software LatentiX version 2.00 (Latent5, Copenhagen, Denmark), with data standardised prior to the analysis.
Results and Discussion
Crust moisture, water activity and thickness
In some countries, like in south of Europe, fresh bread is associated with crispy and crunchy crust by consumers. It is known that water content predetermines textural properties of the product (Altamirano-Fortoul, Hernández-Muñoz, Hernando, & Rosell, 2015) . As noted in Table   2 , no clear relationship emerged regarding the effect of protein inclusion on bread crust moisture. While P10, W10 and E5 breads had higher moisture content than the control bread, the rice protein breads and W5 showed drier crusts. Results for water activity were similar to moisture content results, in fact, a significant correlation at 99% between both parameters (r=-0.79) was found. However, only P10 breads showed significant differences in comparison with the control sample, showing higher water activity, which was in concordance with the high moisture of their crust. Castro-Prada, Primo-Martin, Meinders, Hamer, and Van Vliet (2009) established a range of 0.68-0.69 in aw crust content as the point where mechanical transition occurs, yielding unfavorably tough breads. Regarding crust thickness, only P10 and W10 breads showed significant differences in comparison with the control, having thinner crusts. Moreover, these breads also had the smallest specific volume. Therefore, due to their lack of size increase, the mold likely protected them from desiccation. In this way, differences in water activity, moisture content and also thickness of bread crust could be justified by the protective character of the mold instead of the protein effect. When the higher protein level was added, lower specific volume was obtained in all cases and this is in agreement with previous reports about gluten-free breads enriched with proteins (Mezaize et al., 2009; Ziobro et al., 2013) . Solely, P5
breads showed similar specific volume to the control bread and no significant differences in other parameters such as crust moisture and thickness. However, it must be noted that it was not possible to analyse W5 breads because they broke when they were unmolded. In general, it could be expected that proteins with higher water absorption capacity exhibited less loss during baking and in consequence show a larger crust moisture content. In this study, vegetal proteins presented high water absorption capacity, but in general our vegetal protein breads had low moisture content except P10 having one of the highest moisture content. Likely, this may be due to the fact that water absorption capacity tests and the baking process were carried out at different temperatures, the first at room temperature and the second one above 100ºC, which might have affected the water absorption properties of proteins. Another possible explanation to the low moisture content for vegetal proteins could be due to a slower migration of water from crumb to crust during cooling. The exception found in high moisture content for P10 could be related to its low specific volume. On the other hand, animal proteins used in this study are more soluble than vegetal proteins, and they dissolved in the water-hydrocolloid mixture, as it can be noted from the images from microphotographic analysis ( Figure 1a ). Taking that into consideration, egg white protein and whey protein should interact more with water and retain it, increasing moisture content, but this effect was not found in all our animal protein breads (only for W10 and E5). Moreover, egg white protein is capable of coagulating with heat, due to its denaturalization, letting it form gels with greater water absorption capacity (O´Brien, Baker, Hood & Liboff, 1982) . In this way, it may be thought that egg white protein gels might retain water in bread crust and, as a consequence, increase moisture content, but this effect was not observed in E10 breads.
Microstructural analysis
In order to understand the influence that the addition of proteins used in this study had on crust structure, the microstructure of the surface ( Figure 1a ) and cross-section ( Figure 1b) were analysed by ESEM. Both surface and cross-section photographs showed starch granules of different sizes, both of which were structurally intact. This is because during baking a rapid evaporation of water takes place in the crust, which minimizes starch gelatinization and thereby allowing starch granules to maintain their granular structure (Martínez & Gómez, 2017) . It is known that maize contains the largest granules and rice contains the smallest granules; the rice starch granules detached from flour particles and can be considered of polyhedral shape. It can also be observed that vegetal protein crusts had a similar structure to the control bread, while a film covering starch granules could be observed in animal protein crusts. This film may be a mixture of hydrocolloid and animal protein since whey and egg white proteins are soluble in water and water is evaporating rapidly in the crust during baking. However, when comparing animal protein surface microphotographs, it can be appreciated that egg white protein builds a uniform and continuous film on the crust, while for whey crust there are holes in the crust surface. In the case of vegetal proteins, cross-sectional photographs show small filaments that are connected to starch granules, especially for rice protein crust, which are likely to be protein molecules.
Crust texture
Crust texture is a very important parameter used to evaluate bread quality, since it is well known that consumers demand crispy and crunchy bread crust. Crispness is perceived as the rupture of a product during a bite, so it is associated with rapid drop in force, which is based on fracture propagation during the mastication process (Vincent, 1998) . To measure crispness, a puncture test has been previously proposed by researchers (Van Hecke et al., 1998; Altamirano-Fortoul, Hernando, & Rosell, 2013) , since it simulates the teeth mastication and has been correlated with sensory criteria. The mean values obtained for the textural parameters for each sample are shown in Table 3 , except for 5% whey protein breads which were not able to unmold and thus their texture was not evaluated. Regarding average puncturing force (F m ) values, which represent the mechanical resistance that a product exhibits when a force is applied, no clear trends were observed, and only E5 and W10 breads showed values significantly different from control sample (P < 0.05), with egg white bread as the lowest and whey bread the highest.
Results for spatial frequency of structural ruptures (N wr ), which is related to the number of peaks caused during the fracture of the sample, and average specific force of structural ruptures (f wr )
were clearer. Crispy products showed a highly jagged curve with a large number of peaks due to a multitude of fracture events taking place during the test (Vincent, 1998) . Accordingly, a high value of N wr indicates that the sample is crispier (Altamirano-Fortoul et al., 2013) . So, it was observed that all crusts with animal proteins and P10 crusts had lower N wr value than control sample and vegetal proteins, being were less crispy. Moreover, they also presented higher f wr values, with only P10 bread showing significant differences from control bread. Therefore, breads with high values of moisture content and water activity were the less crispy, with a significant correlation at 99% between N wr and moisture content (r=-0.81) and aw (r=-0.86).
This is in agreement with numerous researchers who have reported that the increase in moisture content or water activity reduces jaggedness of the deformation curve, which will be evident through the frequency distribution of the number of fractures (Van Hecke et al., 1998; Jakubczyk, Marzec, & Lewicki, 2008; Castro-Prada et al., 2009) . In wheat bread studies, it was concluded that the presence of water induced plasticization and softening of the starch-protein matrix structure (Jakubczyk et al., 2008) , and the high-water activity values caused a transition from the glassy to rubbery state (Castro-Prada et al., 2009 ), which coincides with our observations.
In the case of crispness work (Wc), indicating the difficulty to break the structure, the higher the crispness work, the more resistant and the harder the product structure (Van Hecke et al., 1998) .
Regarding this parameter, the highest levels of pea and whey protein crusts (P10 and W10) were the unique samples with significant differences from the control, having the greatest values of crispness work. Likely, these differences are due to the lower N wr values in these types of breads and in the case of whey protein crust are also conditioned by higher F m value. Therefore, the inclusion of these proteins presents disadvantages regarding crust texture. However, as it was said previously, these results should not only be attributed to the direct effect of protein on crust texture but also the lowest specific volume of P10 and W10 breads in which the mold could reduce surface desiccation.
Crust colour
Crust colour results are showed in Table 4 and reveal that inclusion of protein had a great effect on the colour of the bread crusts. In fact, previous studies evidenced that larger increment of protein level in wheat breads induced darker crusts, due to Maillard reactions that take place between amino acids and reducing sugars (Aguilar et al., 2015 : Smak, 1972 . In agreement with that, the incorporation of proteins also gave darker crusts in our study (lower values of L*), and
crusts were yet darker when higher protein levels were added. These results are in agreement with previous researches about gluten-free breads with dairy proteins incorporation (Gallagher et al., 2003; Krupa-Kozak et al., 2013) . Among the proteins studied, the animal proteins had a more pronounced effect on crust colour than the vegetal ones, and among the first, whey protein had a greater effect than the egg white. Regarding vegetal proteins, rice crust showed lighter color than pea crust. In this study, differences between animal and vegetal proteins could be attributed to the higher solubility that animal proteins have, which may induce their contact and reactivity with reducing sugars, as they are also in solution. With respect to the tone, the addition of protein resulted in an increase of a* value in all breads, showing red tone; furthermore, the more protein added, the higher value of a* obtained. Vegetal protein crusts had lower values of a*, while the highest value corresponded to the egg white crust. The protein addition increased the values of b* (yellow tones) in all cases except for whey bread that did not modify this parameter. However, the amount of protein incorporates did not modify this effect. The highest values of b* were obtained with egg white protein addition. Likely, differences found in crust colour might result from the different amino acid composition of protein since it is known that the type of amino acids that participate in Maillard reaction influence the compounds generated through it and, in consequence, condition final bread colour (Lund & Ray, 2017) .
Volatile profile
It is well known that they type of sugar affects the rate of the Maillard reaction and the amount of carbonyl compounds generated, while the type of amino acid controls the volatile compounds generated (Kiely, Nowlin & Moriarty, 1960) . As the amino acid profiles of the added proteins are different, it is expected to have interesting differences in the volatile compounds from Maillard reaction. Moreover, the differences in the amino acids profile also impact the Strecker degradation and Ehrlich pathway and volatile compounds like 3-methyl-1-butanol comes from leucine, 2-methyl-1-propanol from valine, 2-methyl-1-butanol from isoleucine, 2-phenylethanol from phenylalanine and methional from methionine (Pico et al., 2015) . Nevertheless, predict the volatile compounds through the higher concentration of a specific amino acid is not easy, since usually volatile compounds are generated by different reactions (Birch et al., 2014; Pico et al., 2015) . SPME-GC/QTOF semi-quantitative analyses (Table 1 , results given in peak areas)
showed that the control sample presented low proportion of almost all the volatile compounds compared to the breads enriched with proteins, with the exception of 2-ethyl-1-hexanol, likely from lipid oxidation (Pico et al., 2015) , and phenylethyl alcohol, purportedly from fermentation (Birch, Petersen, & Hansen, 2014) . The control sample also presented high content of 3-methyl-1-butanol and acetoin from fermentation, 2-(E)-nonenal from lipid oxidation and phenylacetaldehyde from fermentation and Maillard reaction (Birch et al., 2014) . The contents of 3-methyl-1-butanol and acetoin were higher in the crust W10 and E10, respectively, and the content of phenylethyl alcohol was higher in W10 following the control sample. This suggests that the content of important volatile compounds from fermentation was increased by the addition of animal proteins, which can be due to a higher binding effect of the volatile compounds release by vegetal proteins (Thanh, Thibeaudeau, Thibaut and Voilley, 1991) . Other possible explanation for the higher content in volatile compounds from fermentation in breads with animal proteins is the interaction between the sugars added to the bread and the proteins of polar characteristics, which lead to a lower availability of sugars for yeast fermentation. The occurrence of volatile compounds from fermentation in the crust may be due to transferences from the crumb to the crust. The content of 2-(E)-nonenal was higher in R10 crust, which also presented the highest content of heptanal, 1-pentanol, 1-hexanol, 1-octen-3-ol and similar content of 2-ethyl-1-hexanol to the control sample, all of which were likely from lipid oxidation (Birch et al., 2014) . The contents of benzaldehyde, benzyl alcohol and hexanoic acid, which can be some of the products from lipid oxidation (Birch et al., 2014) , were also the highest in R10.
Only the contents of hexanal, nonanal and 2,4-decadienal were the highest for crusts with animal proteins added (W5). This suggests that the content of a great number of volatile compounds from lipid oxidation is increased by relatively large quantities of rice protein. The high amount of lipoxygenases in rice (Wongdechsarekul & Kongkiattikajorn, 2010) as well as the low concentration of antioxidants (Inglett, Chen, & Liu, 2015) , such as flavonoids and vitamin E, encourage the lipid oxidation reaction. As the protein is the only ingredient changed between the breads, and the substrates (lipids) and enzymes (lipoxygenases) should be present if the lipids oxidation reaction is taking place, the rice protein should have been contaminated with lipids, lipoxygenases and antioxidants when the protein was isolated, justifying the highest contents in volatile compounds from lipid oxidation. All of these have been reported to correlate negatively with the aroma of bread due to their fatty-rancid notes (Table S1 ). Heptanal, 1-octen-3-ol, hexanal, nonanal and 2,4-decadienal show low odour threshold (OT) (Table S1 ), thus the effect of the off-flavour is expected to be significant.
Taking into consideration the heterocyclic compounds from Maillard reactions, the content of 1-methylpyrrol, 2,6-dimethylpyrazine, 2-ethylpyrazine and 2-acetylpyrroline did not change with the increase in the addition of protein between E5 and E10. The same occurred with the increase between R5 and R10, as the content of n-methyl-m-ethylpyrazines (more than one possible isomer) and 3-ethyl-2,5-dimethylpyrazine remained unchanged. Maillard compounds have been reported to correlate positively with the crust colour (Cho & Peterson, 2010) and, effectively, the crusts with the highest substitution of rice protein (R10) and egg protein (E10) were darker than their corresponding 5% substitution. Therefore, the fact that these volatile compounds from the Maillard reaction remained constant from 5% to 10% substitution levels suggested that they
were not involved in the development of the colour of the rice and egg crusts.
The PCA (Figure 2 ) was performed with the aim of evaluating the changes in the volatile profiles of the 23 Maillard compounds (see Table 1 ), which are the volatiles that are expected to be more affected by the addition of proteins. As can be seen in the scores plot, the P5, E5 and E10 crusts were not characterised by high contents of any of the volatile compounds from the Maillard reaction. The separation of R5 and R10 in the negative PC1 was due mainly to their high content in 2-ACPY as well as high content in volatile compounds with lipid oxidation as a secondary origin (benzaldehyde, benzyl alcohol). Indeed, 2-ACPY has been described as a key contributor to the aroma of cooked rice (Grimm, Bergman, Delgado & Bryant, 2001 ), which justifies the higher content in the crusts enriched with rice protein. Finally, all the pyrazines were located in the positive component of the PC1, which explained the separation of W5, W10
and P10. Specifically, most of them were in higher concentration in W5, which moreover presented 11 of the 23 volatile compounds from the Maillard reaction. Only 2-ethylpyrazine was highlighted in W10 and 2,6-dimethylpyrazine in P10. This is in accordance with the fact that the crusts enriched with whey proteins were also darkest.
Therefore, a combination of rice protein and whey protein, would seem to be the most suitable for a pleasant aroma due to the high content of 2-ACPY, a key aroma of the wheat bread crust (Zehentbauer & Grosch, 1998) , for R10 and the high content of pyrazines with pleasant nutty aromas for whey protein breads, preferably W5 due to the highest content in 11 of the 23 volatile compounds from Maillard reaction in the corresponding bread. The selection of W5 is also related to the crispness, since the increase in the percentage of whey protein led to lower crispness, indeed W10 presented the highest value of Wc and higher moisture content than W5.
Higher crispness is associated to lower moisture content, as it was explained in sub-section 3.3, and consequently higher water evaporations during baking. Thus, volatile compounds with low boiling points or high affinity to water are going to be evaporated during baking and they are usually volatile compounds from fermentation (Pico, Martinez, Bernal & Gomez, 2017) .
However, loss of water also leads to a major extension of the Maillard reaction during crust formation (Peterson, Tong, Ho & Welt, 1994) , justifying the higher amount of these compounds in W5 related to W10. In the case of R5 and R10, there are no significant differences in the Wc values and there are no significant differences with the moisture content regarding W5 neither;
thus, the use of the highest substitution of rice protein should not affect negatively to the crispness. In fact, the addition of R10 instead of R5 gives rise to darker crusts. Finally, it should be also taken into consideration that, in general, the inclusion of whey proteins and, above all, the inclusion of rice proteins increased the content of volatile compounds from lipid oxidation.
Therefore, sensory analyses of different proportions of rice and whey should be done in order to ensure the most pleasant aroma as possible as a result of 2-ACPY, pyrazines and volatile compounds from lipids oxidation.
Conclusion
Protein addition is an adequate technique to produce gluten-free breads with darker crusts and to improve their aroma, even though other crust properties such as thickness or texture may be affected. However, it is necessary to consider how the protein introduced could potentially affect bread volume, since volume changes can indirectly cause changes in moisture and texture of crust. Concretely, the addition of animal proteins tested in this study decreases the crispness in the crust of gluten-free breads. Moreover, crust colour and volatile composition present in crusts are dependent on the type of protein added, with whey protein yielding darker crust and generating higher pyrazines levels with pleasant aroma notes. Regarding vegetal proteins, rice protein generates darker crust than pea protein, and rice protein also causes a considerable increase of the pleasant 2-ACPY concentration, which is key to the aroma of crust. In spite of the high contents of pleasant volatile compounds from fermentation, whey proteins and, above all, rice proteins showed high contents of volatile compounds from lipids oxidation that give fatty rancid notes to the bread. Thereupon, the most suitable proportion of rice and whey proteins should be found in order to improve the final aroma. Moreover, the combination of whey and rice proteins results thinner and crispier crusts due to the whey protein and higher specific volumes due to the rice protein. Nevertheless, it would be important to adjust the hydration of the doughs regarding the final selected formula. Future studies would also be necessary to verify how other factors influence the quality of protein-enriched bread crusts, such as temperature and time of baking or the kind of flour base employed (for the study of the possible interaction of the flour with the added proteins).
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